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Abstract. In this paper we propose one possible ap-
proach how to apply the concept of multiple-input multiple-
output (MIMO) to monostatic Frequency Modulated Contin-
uous Wave (FMCW) High-Frequency Surface Wave Radar
(HFSWR) in a maritime environment. Common tasks for a
HFSWR are sea-state monitoring and ship detection, where
our focus is on ship detection.
A limiting factor in HFSWR is the available bandwidth,
which is inversely proportional to the range resolution ca-
pability of the radar and typical below 100kHz. The ques-
tion is how to extend or combine a conventional single-input
multiple-output (SIMO) FMCW phased-array type radar
with stretch processing and the colocated MIMO concept to
”reuse” the very limited HF radar band resources. Another
important question to answer is how MIMO FMCW wave-
forms can be separated at the receiver.
1 Introduction
Typical HFSWR systems are used for sea-state monitoring or
ship detection, operating in the HF radar frequency band of
3 to 30MHz. These (quasi-)monostatic shore-based systems
consist of a “ﬂoodlight” transmit antenna with a beamwidth
of around 100◦ directed at the sea in conjunction with a re-
ceiver array of up to 16 elements (Gurgel et al., 1999). De-
pending on the operating frequency and assuming a receiver
antenna element spacing of λ/2 the receive array can eas-
ily occupy several hundreds meters of coastline. Due to the
highly conductive ocean sea surface in combination with a
vertical polarization the waves propagate up to few hundreds
of kilometres in a so-called ground-wave or surface-wave
and experience less attenuation than conventional microwave
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radars. Due to the low frequency it even allows propagation
along the curvature of the earth.
In case of ship detection the worst case is the detection
of ships in sea clutter, otherwise detection capability is usu-
ally limited by the external noise level. Another important
aspect of HFSWR is the high spectrum occupancy by other
users, such as radio amateurs or radio stations. Thus it is
difﬁcult to obtain a radio frequency interference (RFI) free
continuous bandwidth. This is the reason why some authors
ﬁrst monitor the frequency occupancy to select an RFI free or
less occupied frequency band (Gurgel et al., 2007) to avoid
RFI whenever possible. Other authors propose to improve
target detection in sea clutter by using a dual frequency ap-
proach (Leong and Ponsford, 2004). Still both approaches
will suffer from degraded performance in case the operating
frequency does not match the receiver antenna element spac-
ing.
Due to the high dynamic requirements in HFSWR most
radar systems use a FMCW waveform in combination with
stretch processing to limit the sampling requirements of the
analog-to-digital converter (Richards, 2005). This is in con-
trast to most MIMO approaches where correlation process-
ing is used. This makes it interesting to investigate how a
potential MIMO FMCW system could look like and if it is
possible to separate the different transmitted signals at the re-
ceiver. The rest of the paper will be structured as following.
Section 2 is going to introduce the FMCW waveform and the
signals at transmitter and receiver as well as stretch process-
ing. After that Sect. 3 gives a deeper insight into HFSWR.
Then the paper will proceed with MIMO radar in Sect. 4 and
depict the combination of MIMO FMCW and HFSWR in
Sect. 5. Finally a conclusion is drawn.
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Fig. 1. FMCW receiver structure
cessing. The main disadvantages are the signal leakage from
the transmitter into the receiver and range-Doppler coupling.
The following equation shows the mathematical description
from (Meta et al., 2007) of a single chirp FMCW signal at
the transmitter
stx(t)=exp

j2π

fst+
1
2
αt2

, (1)
in which t is the time-variable within the single chirp period,
fs denotes the start frequency of the chirp and α denotes the
sweep-rate, which is deﬁned as the ratio of the bandwidth of
the chirp (B) divided by the chirp duration (T).
The received signal from a single target is an attenuated, de-
layed and Doppler-shifted version of the transmitted chirp.
In the following only a single non-moving point target is as-
sumed
srx(t)=A·exp

j2π

fs(t−τ)+
1
2
α(t−τ)
2

, (2)
in which A is used to represent the attenuation factor and τ
is the round-trip time for the signal to propagate from radar
system to the target and back. A multiple target case can be
seen as a superposition of the different echoes at the receiver.
A typical FMCW single channel receiver structure is illus-
trated in Figure 1. The illustrated mixer in Figure 1 demod-
ulates the received signal (attenuated, delayed and Doppler-
shifted) with the transmitted signal, which is sometimes re-
ferred to as reference waveform. This results in a direct de-
modulation of the received signal into baseband. To elimi-
nate the upper modulation products a low-pass ﬁlter is ap-
plied. This process is commonly known as stretch process-
ing but sometimes also called deramp processing, deramp on
receive, dechirp or one-pass processing (Richards, 2005). It
is a technique to reduce the sampling-rate requirements of
the following analogue-to-digital converter (ADC), followed
by the range-Doppler transform (RDT). This reduction in
sampling-rate is needed due to the high dynamic range. A
graphical interpretation of stretch processing for one target
can be found in Figure 2, where the round-trip delay τ of
the receive signal results in a difference frequency ∆f, the
so-called beat frequency. Stretch processing can be applied
if the target round-trip delay τ is small as compared to the
chirp duration T and if the beat signal frequency offset due
to the delay is large as compared to the Doppler-shift due to
the radial velocity of the targets. In mathematical terms the
beat signal of a static point target is expressed in the follow-
ing equation
sif(t)=A·exp

j2π

fsτ +αtτ −
1
2
ατ2

. (3)
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Fig. 2. Stretch processing and resulting beat signal
The range resolution ∆r and Doppler resolution ∆fD capa-
bilities (McGregor et al., 1994) of the FMCW waveform are
given by
∆r=
c
2B
(4)
and
∆fD =
1
NT
, (5)
in which the parameter c and N are used to denote the speed
of light and the number of chirps considered in one coher-
ent integration time (CIT), respectively. Strongly related to
the range resolution and the Doppler resolution is the range-
Doppler transform (RDT). It is a 2-dimensional fast Fourier
transform(FFT)usedtoproducetherange-Dopplermap(RD
map). Sometimes the terms fast time and slow time are used
to indicate that the ﬁrst domain of the transform are the time
samples within a single chirp (range transform), while the
second domain is across the number of chirps (N) to form
the Doppler transform. The purpose of the RDT can be seen
as a set of two ﬁlter banks used to split the targets according
to their range frequency and their Doppler frequency.
3 HFSWR
In addition to estimating the range and Doppler shift of a tar-
get one is usually also interested in determining the target’s
azimuth. Due to the limited number of antenna elements and
the use of stretch processing in most HFSWRs this task can
be performed by digital beamforming as in (Gurgel et al.,
1999).
In Figure 3 the block diagram of a typical SIMO FMCW
HFSWR is illustrated. The abbreviation SP following each
antenna element is used to indicate stretch processing, thus
the combination of mixer and low-pass ﬁltering as described
in Section 2. The additional bandpass-ﬁlters, low-noise am-
pliﬁers and ADCs are omitted for simplicity. The low-pass
ﬁltered and digitalized baseband antenna elements signals
are then fed into a digital beamformer, which in most cases is
a Dolph-Chebychev beamformer used to produce a number
of formed beams (M) in the angular domain of -60 ◦ to +60 ◦.
For each of the beams a RDT is applied. The ﬁnal part is the
target detection (TD) in a 2- or 3-dimensional domain.
Fig. 1. FMCW receiver structure.
2 FMCW waveform and Stretch Processing
The FMCW waveform has three important advantages as
compared to a pulse radar system, which are a constant
power envelope, a high Doppler shift tolerance and the abil-
ity to use a simpliﬁed receiver processing called stretch pro-
cessing. The main disadvantages are the signal leakage from
the transmitter into the receiver and range-Doppler coupling.
The following equation shows the mathematical description
from (Meta et al., 2007) of a single chirp FMCW signal at
the transmitter
stx(t)=exp

j2π

fst +
1
2
αt2

, (1)
in which t is the time-variable within the single chirp period,
fs denotes the start frequency of the chirp and α denotes the
sweep-rate, which is deﬁned as the ratio of the bandwidth of
the chirp (B) divided by the chirp duration (T).
The received signal from a single target is an attenuated,
delayed and Doppler-shifted version of the transmitted chirp.
In the following only a single non-moving point target is as-
sumed
srx(t)=A·exp

j2π

fs(t −τ)+
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α(t −τ)2

, (2)
in which A is used to represent the attenuation factor and τ
is the round-trip time for the signal to propagate from radar
system to the target and back. A multiple target case can be
seen as a superposition of the different echoes at the receiver.
A typical FMCW single channel receiver structure is illus-
trated in Fig. 1.
The illustrated mixer in Fig. 1 demodulates the received
signal (attenuated, delayed and Doppler-shifted) with the
transmitted signal, which is sometimes referred to as refer-
ence waveform. This results in a direct demodulation of the
received signal into baseband. To eliminate the upper mod-
ulation products a low-pass ﬁlter is applied. This process is
commonly known as stretch processing but sometimes also
calledderampprocessing, deramponreceive, dechirporone-
pass processing (Richards, 2005). It is a technique to reduce
the sampling-rate requirements of the following analogue-
to-digital converter (ADC), followed by the range-Doppler
transform (RDT). This reduction in sampling-rate is needed
due to the high dynamic range. A graphical interpretation of
stretchprocessingforonetargetcanbefoundinFig.2, where
the round-trip delay τ of the receive signal results in a dif-
ference frequency 1f, the so-called beat frequency. Stretch
processing can be applied if the target round-trip delay τ is
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Fig. 4. Colocated MIMO Radar
4 MIMO
The term MIMO has become a popular technique in commu-
nications and is used to increase the data rate or the reliability
of a given link by the use of multiple antennas at the trans-
mitter and the receiver side. Important here is the fact that in
this approach all transmitters share the same frequency band,
but transmit different signals. It is furthermore required that
the receiver is able to separate the signals from each transmit
antenna.
For the term MIMO radar one has to distinguish between
colocated MIMO radar and statistical MIMO radar. What we
consider here is the colocated MIMO radar case, which can
be roughly characterized by the condition that the distance
between the different transmitter/receiver elements is small
as compared to the distance between the radar and the po-
tential targets. The statistical MIMO radar assumes widely
spaced transmitter and receiver elements to exploit spatial
diversity. Still in both cases each transmitter element is as-
sumed to transmit a different signal, so each receiver element
receives a superposition of each transmitter element signal
and each target as illustrated in Figure 4 for the single target
case in the far-ﬁeld.
5 MIMO FMCW Radar Approach to HFSWR
The main question is how the concept of colocated MIMO
radar can be combined with the linear FMCW waveform and
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Fig. 5. MIMO FMCW - four possible signalling concepts
receiver stretch processing in a typical HFSWR environment,
possibly even added to an existing SIMO FMCW HFSWR.
This implies the selection of appropriate FMCW waveforms
to enable the receiver to separate them. In Figure 5 four pos-
sible signalling concepts (a to d) for two transmit elements
are shown.
The two ﬁrst approaches (a and b) can be summarized as
dual-frequency operation (Leong and Ponsford, 2004) and
time-staggered operation (Frazer et al., 2007). The ﬁrst ap-
proach enables the receiver to separate the different trans-
mitter FMCW waveforms due to an offset in frequency or in
time. The main disadvantage of the dual-frequency operation
or even multiple-frequency operation is that with increas-
ing frequency separation between the two transmitted wave-
form the receiver antenna-element spacing becomes subopti-
mal for receive beamforming and will either result in a small
apertureortheintroductionofgratinglobes. Inadditionthere
are additional licenses required to operate at two or more fre-
quency bands.
The time-staggered approach (b) is an option, where the re-
ceiver is able to distinguish the different transmitter elements
by their time offset. Still to enable the receiver to distinguish
the different waveforms the time offset between the elements
has to be larger than the maximum round-trip time τ.
The third option (c) is to use two FMCW waveforms with op-
posite slope, occupying the same frequency band and having
the same time duration. In approach (d) FMCW waveforms
with the same start frequency and same duration but different
bandwidth and thus different slopes are considered. The RF
chain and the antenna element spacing are thus optimal for
both last mentioned waveforms. Furthermore no additional
licence is required. The main disadvantage of approach (d)
is the worsening of the range resolution of the second wave-
form. Even if in Figure 5 (d) only two different transmit
waveforms are shown the approach can easily be extended
to more than two waveforms. In the following we are going
to investigate the possible application of the MIMO FMCW
approach (c) and (d).
5.1 Correlation properties
In this section the autocorrelation and crosscorrelation prop-
erties of the waveforms are being investigated. The nor-
Fig. 3. SIMO FMCW HFSWR receiver structure.
in Sect. 2. The additional bandpass-ﬁlters, low-noise ampli-
ﬁers and ADCs are omitted for simplicity. The low-pass ﬁl-
tered and digitalized baseband antenna elements signals are
then fed into a digital beamformer, which in most cases is a
Dolph-Chebychev beamformer used to produce a number of
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be roughly characterized by the condition that the distance
between the different transmitter/receiver elements is small
as compared to the distance between the radar and the po-
tential targets. The statistical MIMO radar assumes widely
spaced transmitter and receiver elements to exploit spatial
diversity. Still in both cases each transmitter element is as-
sumed to transmit a different signal, so each receiver element
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as compared to the distance between the radar and the po-
tential targets. The statistical MIMO radar assumes widely
spaced transmitter and receiver elements to exploit spatial
diversity. Still in both cases each transmitter element is as-
sumed to transmit a different signal, so each receiver element
receives a superposition of each transmitter element signal
and each target as illustrated in Figure 4 for the single target
case in the far-ﬁeld.
5 MIMO FMCW Radar Approach to HFSWR
The main question is how the concept of colocated MIMO
radar can be combined with the linear FMCW waveform and
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Fig. 5. MIMO FMCW - four possible signalling concepts
receiver stretch processing in a typical HFSWR environment,
possibly even added to an existing SIMO FMCW HFSWR.
This implies the selection of appropriate FMCW waveforms
to enable the receiver to separate them. In Figure 5 four pos-
sible signalling concepts (a to d) for two transmit elements
are shown.
The two ﬁrst approaches (a and b) can be summarized as
dual-frequency operation (Leong and Ponsford, 2004) and
time-staggered operation (Frazer et al., 2007). The ﬁrst ap-
proach enables the receiver to separate the different trans-
mitter FMCW waveforms due to an offset in frequency or in
time. The main disadvantage of the dual-frequency operation
or even multiple-frequency operation is that with increas-
ing frequency separation between the two transmitted wave-
form the receiver antenna-element spacing becomes subopti-
mal for receive beamforming and will either result in a small
apertureortheintroductionofgratinglobes. Inadditionthere
are additional licenses required to operate at two or more fre-
quency bands.
The time-staggered approach (b) is an option, where the re-
ceiver is able to distinguish the different transmitter elements
by their time offset. Still to enable the receiver to distinguish
the different waveforms the time offset between the elements
has to be larger than the maximum round-trip time τ.
The third option (c) is to use two FMCW waveforms with op-
posite slope, occupying the same frequency band and having
the same time duration. In approach (d) FMCW waveforms
with the same start frequency and same duration but different
bandwidth and thus different slopes are considered. The RF
chain and the antenna element spacing are thus optimal for
both last mentioned waveforms. Furthermore no additional
licence is required. The main disadvantage of approach (d)
is the worsening of the range resolution of the second wave-
form. Even if in Figure 5 (d) only two different transmit
waveforms are shown the approach can easily be extended
to more than two waveforms. In the following we are going
to investigate the possible application of the MIMO FMCW
approach (c) and (d).
5.1 Correlation properties
In this section the autocorrelation and crosscorrelation prop-
erties of the waveforms are being investigated. The nor-
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ble signalling concepts (a to d) for two transmit elements are
shown.
The two ﬁrst approaches (a and b) can be summarized as
dual-frequency operation (Leong and Ponsford, 2004) and
time-staggered operation (Frazer et al., 2007). The ﬁrst ap-
proach enables the receiver to separate the different trans-
mitter FMCW waveforms due to an offset in frequency or in
time. The main disadvantage of the dual-frequency operation
or even multiple-frequency operation is that with increas-
ing frequency separation between the two transmitted wave-
form the receiver antenna-element spacing becomes subopti-
mal for receive beamforming and will either result in a small
apertureortheintroductionofgratinglobes. Inadditionthere
are additional licenses required to operate at two or more fre-
quency bands.
The time-staggered approach (b) is an option, where the
receiver is able to distinguish the different transmitter ele-
ments by their time offset. Still to enable the receiver to dis-
tinguish the different waveforms the time offset between the
elements has to be larger than the maximum round-trip time
τ.
The third option (c) is to use two FMCW waveforms with
opposite slope, occupying the same frequency band and hav-
ing the same time duration. In approach (d) FMCW wave-
forms with the same start frequency and same duration but
different bandwidth and thus different slopes are considered.
The RF chain and the antenna element spacing are thus op-
timal for both last mentioned waveforms. Furthermore no
additional licence is required. The main disadvantage of ap-
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MIMO FMCW approach (c)
malized auto- and crosscorrelation of the opposite slope ap-
proach (c) are presented in Figure 6. Here R11 is used to
denote the normalized autocorrelation of the ﬁrst waveform
while R12 indicates the normalized crosscorrelation of wave-
form one and waveform two. Due to symmetry same applies
to the comparison of R22 and R21, which is not shown here.
Goodcorrelationpropertiescanbecharacterizedbyadistinct
peak in the autocorrelation function and a low interference
level in the crosscorrelation function. In case a correlation-
processor based range resolution is used the correlator output
with the return of one or several targets will result in one or
more distinct peaks.
The detection of these targets is thus limited by the level
of noise and clutter as well as additional crosscorrelation
residues from other waveforms. In the worst case the ad-
ditional crosscorrelation will even result in additional peaks
in correlation output, which could be misinterpreted as tar-
gets. In the presented example of Figure 6 with two chirps
of opposite slopes (c) the signals show good autocorrelation
as well as good crosscorrelation properties. Thus the peak of
the autocorrelation and average crosscorrelation level differ
from each by a level of 14dB, with no windowing applied.
Approach (d) also offers good correlation properties, even if
the maximum crosscorrelation level is higher and is not ho-
mogeneously distributed. This can be explained by the fact
that the instantaneous frequencies over time vary linear in the
same direction of higher frequencies. In general the correla-
tion properties are a good indicator if a particular waveform
set is suitable for a MIMO approach.
5.2 Proposed receiver structure
The next step is to investigate if these good properties are re-
mained for the case of stretch processed FMCW. To evaluate
this a potential MIMO receiver structure is presented in Fig-
ure 7, which can be seen as an extension of Figure 3. Here
the abbreviations SP1 to SPNT are used to denote stretch
processing at each receiver element with the NT respective
reference transmit waveforms, where in the illustrated exam-
ple the number NT of transmit waveform is chosen to be 3.
Following the stretch processing are several beamformer,
where each one operates across all antenna elements but only
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Fig. 8. Stretch processed FMCW for SIMO and MIMO
take one particular stretch processed output. After the beam-
forming the data is range-Doppler transformed, followed by
thetarget detection. Thusthe numberofreceive chainsscales
with the number of transmit waveforms NT. This receiver
structure is highly motivated by the goal of a potential exten-
sion of an existing SIMO system. More advanced receiver
concepts might be investigated in the future.
5.3 SIMO and MIMO stretch processing
To show the difference in stretch processing of SIMO and
MIMO FMCW signals Figure 8 is presented. It contains
the received, demodulated, low-pass ﬁltered and range trans-
formed signal of a single target for the SIMO (only trans-
mitter with 100 kHz bandwidth active) and the MIMO case
(transmitters with 100 kHz and 50 kHz bandwidth active) of
MIMO FMCW approach (d). The formal description of the
respective signals can be found as part of Section 2. The
transmitted waveforms differ by their bandwidth but share
the same start frequency fs and the same time duration T of
0.5s.
If one compares the two parts of Figure 8 one can see that
for the MIMO case the interference level of the additional
waveform is increased to a level of −40dB. This can be eas-
ily explained by the fact that the lower mixing products of
two chirps with linear but different slope do not result in one
constant frequency difference but in a distribution across the
presented frequency range. Still it is clearly possible to deter-
Fig. 6. Normalized auto- and crosscorrelation for opposite slope
MIMO FMCW approach (c).
proach (d) is the worsening of the range resolution of the sec-
ond waveform. Even if in Fig. 5 approach (d) only two dif-
ferent transmit waveforms are shown the approach can easily
be extended to more than two waveforms. In the following
we are going to investigate the possible application of the
MIMO FMCW approach (c) and (d).
5.1 Correlation properties
In this section the autocorrelation and crosscorrelation prop-
erties of the waveforms are being investigated. The nor-
malized auto- and crosscorrelation of the opposite slope ap-
proach (c) are presented in Fig. 6. Here R11 is used to denote
the normalized autocorrelation of the ﬁrst waveform while
R12 indicates the normalized crosscorrelation of waveform
one and waveform two. Due to symmetry same applies to
the comparison of R22 and R21, which is not shown here.
Good correlation properties can be characterized by a dis-
tinct peak in the autocorrelation function and a low inter-
ference level in the crosscorrelation function. In case a
correlation-processor based range resolution is used the cor-
relator output with the return of one or several targets will
result in one or more distinct peaks.
The detection of these targets is thus limited by the level
of noise and clutter as well as additional crosscorrelation
residues from other waveforms. In the worst case the ad-
ditional crosscorrelation will even result in additional peaks
in correlation output, which could be misinterpreted as tar-
gets. In the presented example of Fig. 6 with two chirps of
opposite slopes (c) the signals show good autocorrelation as
well as good crosscorrelation properties. Thus the peak of
the autocorrelation and average crosscorrelation level differ
from each by a level of 14dB, with no windowing applied.
Approach (d) also offers good correlation properties, even if
the maximum crosscorrelation level is higher and is not ho-
mogeneously distributed. This can be explained by the fact
that the instantaneous frequencies over time vary linear in the
same direction of higher frequencies. In general the correla-
tion properties are a good indicator if a particular waveform
set is suitable for a MIMO approach.
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malized auto- and crosscorrelation of the opposite slope ap-
proach (c) are presented in Figure 6. Here R11 is used to
denote the normalized autocorrelation of the ﬁrst waveform
while R12 indicates the normalized crosscorrelation of wave-
form one and waveform two. Due to symmetry same applies
to the comparison of R22 and R21, which is not shown here.
Goodcorrelationpropertiescanbecharacterizedbyadistinct
peak in the autocorrelation function and a low interference
level in the crosscorrelation function. In case a correlation-
processor based range resolution is used the correlator output
with the return of one or several targets will result in one or
more distinct peaks.
The detection of these targets is thus limited by the level
of noise and clutter as well as additional crosscorrelation
residues from other waveforms. In the worst case the ad-
ditional crosscorrelation will even result in additional peaks
in correlation output, which could be misinterpreted as tar-
gets. In the presented example of Figure 6 with two chirps
of opposite slopes (c) the signals show good autocorrelation
as well as good crosscorrelation properties. Thus the peak of
the autocorrelation and average crosscorrelation level differ
from each by a level of 14dB, with no windowing applied.
Approach (d) also offers good correlation properties, even if
the maximum crosscorrelation level is higher and is not ho-
mogeneously distributed. This can be explained by the fact
that the instantaneous frequencies over time vary linear in the
same direction of higher frequencies. In general the correla-
tion properties are a good indicator if a particular waveform
set is suitable for a MIMO approach.
5.2 Proposed receiver structure
The next step is to investigate if these good properties are re-
mained for the case of stretch processed FMCW. To evaluate
this a potential MIMO receiver structure is presented in Fig-
ure 7, which can be seen as an extension of Figure 3. Here
the abbreviations SP1 to SPNT are used to denote stretch
processing at each receiver element with the NT respective
reference transmit waveforms, where in the illustrated exam-
ple the number NT of transmit waveform is chosen to be 3.
Following the stretch processing are several beamformer,
where each one operates across all antenna elements but only
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take one particular stretch processed output. After the beam-
forming the data is range-Doppler transformed, followed by
thetarget detection. Thusthe numberofreceive chainsscales
with the number of transmit waveforms NT. This receiver
structure is highly motivated by the goal of a potential exten-
sion of an existing SIMO system. More advanced receiver
concepts might be investigated in the future.
5.3 SIMO and MIMO stretch processing
To show the difference in stretch processing of SIMO and
MIMO FMCW signals Figure 8 is presented. It contains
the received, demodulated, low-pass ﬁltered and range trans-
formed signal of a single target for the SIMO (only trans-
mitter with 100 kHz bandwidth active) and the MIMO case
(transmitters with 100 kHz and 50 kHz bandwidth active) of
MIMO FMCW approach (d). The formal description of the
respective signals can be found as part of Section 2. The
transmitted waveforms differ by their bandwidth but share
the same start frequency fs and the same time duration T of
0.5s.
If one compares the two parts of Figure 8 one can see that
for the MIMO case the interference level of the additional
waveform is increased to a level of −40dB. This can be eas-
ily explained by the fact that the lower mixing products of
two chirps with linear but different slope do not result in one
constant frequency difference but in a distribution across the
presented frequency range. Still it is clearly possible to deter-
Fig. 7. HFSWR MIMO FMCW receiver structure.
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malized auto- and crosscorrelation of the opposite slope ap-
proach (c) are presented in Figure 6. Here R11 is used to
denote the normalized autocorrelation of the ﬁrst waveform
while R12 indicates the normalized crosscorrelation of wave-
form one and waveform two. Due to symmetry same applies
to the comparison of R22 and R21, which is not shown here.
Goodcorrelationpropertiescanbecharacterizedbyadistinct
peak in the autocorrelation function and a low interference
level in the crosscorrelation function. In case a correlation-
processor based range resolution is used the correlator output
with the return of one or several targets will result in one or
more distinct peaks.
The detection of these targets is thus limited by the level
of noise and clutter as well as additional crosscorrelation
residues from other waveforms. In the worst case the ad-
ditional crosscorrelation will even result in additional peaks
in correlation output, which could be misinterpreted as tar-
gets. In the presented example of Figure 6 with two chirps
of opposite slopes (c) the signals show good autocorrelation
as well as good crosscorrelation properties. Thus the peak of
the autocorrelation and average crosscorrelation level differ
from each by a level of 14dB, with no windowing applied.
Approach (d) also offers good correlation properties, even if
the maximum crosscorrelation level is higher and is not ho-
mogeneously distributed. This can be explained by the fact
that the instantaneous frequencies over time vary linear in the
same direction of higher frequencies. In general the correla-
tion properties are a good indicator if a particular waveform
set is suitable for a MIMO approach.
5.2 Proposed receiver structure
The next step is to investigate if these good properties are re-
mained for the case of stretch processed FMCW. To evaluate
this a potential MIMO receiver structure is presented in Fig-
ure 7, which can be seen as an extension of Figure 3. Here
the abbreviations SP1 to SPNT are used to denote stretch
processing at each receiver element with the NT respective
reference transmit waveforms, where in the illustrated exam-
ple the number NT of transmit waveform is chosen to be 3.
Following the stretch processing are several beamformer,
where each one operates across all antenna elements but only
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take one particular stretch processed output. After the beam-
forming the data is range-Doppler transformed, followed by
thetarget detection. Thusthe numberofreceive chainsscales
with the number of transmit waveforms NT. This receiver
structure is highly motivated by the goal of a potential exten-
sion of an existing SIMO system. More advanced receiver
concepts might be investigated in the future.
5.3 SIMO and MIMO stretch processing
To show the difference in stretch processing of SIMO and
MIMO FMCW signals Figure 8 is presented. It contains
the received, demodulated, low-pass ﬁltered and range trans-
formed signal of a single target for the SIMO (only trans-
mitter with 100 kHz bandwidth active) and the MIMO case
(transmitters with 100 kHz and 50 kHz bandwidth active) of
MIMO FMCW approach (d). The formal description of the
respective signals can be found as part of Section 2. The
transmitted waveforms differ by their bandwidth but share
the same start frequency fs and the same time duration T of
0.5s.
If one compares the two parts of Figure 8 one can see that
for the MIMO case the interference level of the additional
waveform is increased to a level of −40dB. This can be eas-
ily explained by the fact that the lower mixing products of
two chirps with linear but different slope do not result in one
constant frequency difference but in a distribution across the
presented frequency range. Still it is clearly possible to deter-
Fig. 8. Stretch processed FMCW for SIMO and MIMO.
5.2 Proposed receiver structure
The next step is to investigate if these good properties are
remained for the case of stretch processed FMCW. To eval-
uate this a potential MIMO receiver structure is presented in
Fig. 7, which can be seen as an extension of Fig. 3.
Here the abbreviations SP1 to SPNT are used to denote
stretch processing at each receiver element with the NT re-
spective reference transmit waveforms, where in the illus-
trated example the number NT of transmit waveform is cho-
sen to be 3.
Following the stretch processing are several beamformer,
where each one operates across all antenna elements but
only takes one particular stretch processed output. After
the beamforming the data is range-Doppler transformed, fol-
lowed by the target detection. Thus the number of receive
chains scales with the number of transmit waveforms NT.
This receiver structure is highly motivated by the goal of a
potential extension of an existing SIMO system. More ad-
vanced receiver concepts might be investigated in the future.
5.3 SIMO and MIMO stretch processing
To show the difference in stretch processing of SIMO and
MIMO FMCW signals Fig. 8 is presented. It contains the
received, demodulated, low-pass ﬁltered and range trans-
formed signal of a single target for the SIMO (only trans-
mitter with 100kHz bandwidth active) and the MIMO case
(transmitters with 100kHz and 50kHz bandwidth active) of
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MIMO FMCW approach (d). The formal description of the
respective signals can be found as part of Sect. 2. The trans-
mitted waveforms differ by their bandwidth but share the
same start frequency fs and the same time duration T of
0.5s.
If one compares the two parts of Fig. 8 one can see that
for the MIMO case the interference level of the additional
waveform is increased to a level of −40dB. This can be eas-
ily explained by the fact that the lower mixing products of
two chirps with linear but different slope do not result in one
constant frequency difference but in a distribution across the
presented frequency range. Still it is clearly possible to deter-
mine the characteristic frequency peak of the beat signal of
the given target. Same applies if one looks at the other wave-
form, where the different slope α results in a different beat
frequency of the target. Still one has to keep in mind that the
range resolution capability of the 50kHz waveform is wors-
ened as compared to the 100kHz waveform. By applying
range-Doppler transform and target detection independently
for both waveforms the target’s range and radial velocity can
be estimated. Thus both detection results can be used to re-
assure the existence of a potential target.
6 Conclusions
It has been shown that a stretch processed MIMO FMCW
approach in HFSWR is possible, in which the transmitter el-
ements operate in the same or partially same frequency band
simultaneously and thus the frequency band is reused. This
is an important point in HFSWR as a ”free” continuous fre-
quency bandwidth is difﬁcult to ﬁnd.
The presented approach can be seen as an alternative to the
dual frequency or the time staggered concepts. Approaches
to avoid radio frequency interference and selection of the
cleanest frequency can be incorporated into the concept, still
limited by the static receiver interelement antenna distance.
Additional simulations including attenuation factors and sea
clutter and investigation about the allowed number of active
transmitters should be performed.
The proposed receiver structure allows the modiﬁcation of
existing SIMO FMCW HFSWR systems and enables the re-
assurance of a potential target detection. Another modiﬁ-
cation might be to consider a distributed transmitter system
such as a bistatic or multistatic system as the space occupied
by an additional ”ﬂoodlight” transmit antenna is not the lim-
iting factor and is small as compared to the receiver array.
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